Objectives-Obesity is often associated with hypertriglyceridemia and elevated free fatty acids (FFAs), which are independent risk factors for cardiovascular disease and diabetes. Although impairment of cholesterol homeostasis is known to induce toxicity in macrophages, the consequence of altered fatty acid homeostasis is not clear. Methods and Results-Long-chain acyl CoA synthetases (ACSLs) play a critical role in fatty acid homeostasis by channeling fatty acids to diverse metabolic pools. We treated mouse peritoneal macrophages (MPMs) with VLDL or FFAs in the presence of triacsin C, an inhibitor of the 3 ACSL isoforms present in macrophages. Treatment of macrophages with VLDL and triacsin C resulted in reduced TG accumulation but increased intracellular FFA levels, which induced lipotoxicity characterized by apoptosis. Treatment of MPMs with the saturated fatty acid stearic acid in the presence of triacsin C increased intracellular stearic acid and induced apoptosis. Stromal vascular cells collected from high-fat diet-fed mice displayed foam cell morphology and exhibited increased mRNA levels of macrophage markers and ACSL1. Importantly, all of these changes were associated with increased FFA level in AT. O besity and the associated metabolic dysregulations such as dyslipidemia and elevated plasma free fatty acids (FFAs) contribute to increased incidence of cardiovascular disease and type 2 diabetes. 1,2 Macrophages are cells of the innate immune system, traditionally thought to participate predominantly in immune disorders. However, in the past 2 decades, a role for macrophages in lipid homeostasis and in metabolic diseases has been established. It is well known that free cholesterol induces an inflammatory response and apoptosis in macrophages, and that apoptotic macrophages contribute to atherosclerotic lesion formation 3 ; however, the consequences of FFA accumulation in macrophages are not clear.
O besity and the associated metabolic dysregulations such as dyslipidemia and elevated plasma free fatty acids (FFAs) contribute to increased incidence of cardiovascular disease and type 2 diabetes. 1, 2 Macrophages are cells of the innate immune system, traditionally thought to participate predominantly in immune disorders. However, in the past 2 decades, a role for macrophages in lipid homeostasis and in metabolic diseases has been established. It is well known that free cholesterol induces an inflammatory response and apoptosis in macrophages, and that apoptotic macrophages contribute to atherosclerotic lesion formation 3 ; however, the consequences of FFA accumulation in macrophages are not clear.
Long-chain acyl CoA synthetases (ACSLs) play a crucial role in regulating fatty acid metabolism by converting FFAs into fatty acyl CoA derivatives via a process called fatty acid activation. This modification is required for any FFA to undergo further metabolism. Activated fatty acids can enter several metabolic pathways such as ␤-oxidation, desaturation, or esterfication into triglycerides, phospholipids, or cholesterol esters. Because of the critical role of ACSLs in activating fatty acids, and in partitioning them to diverse metabolic pools, we hypothesized that inhibition of ACSLs would impair fatty acid homeostasis in macrophages.
Five different isoforms of ACSL-1, 3, 4, 5, and 6 -have been identified in humans and rodents. 4 Mouse peritoneal macrophages (MPMs) predominantly express ACSL1, although ACSL 3 and 4 are also expressed to some extent. 5 Triacsins are potent inhibitors of ACSLs, and the inhibitory potential of triacsin C varies among the different ACSL isoforms. Triacsin C has been shown to inhibit ACSL 1, 3, and 4 but does not inhibit ACSL 5 or 6. 6 -8 Thus, triacsin C can inhibit all of the isoforms of ACSL present in macrophages.
Taking advantage of this inhibitor, we demonstrate that blocking the activity of ACSLs during fatty acid loading leads to induction of apoptosis which is attributable, at least in part, to accumulation of intracellular FFAs. We also show that stromalvascular cells (SVCs) derived from obese adipose tissue (AT) display foam cell morphology and exhibit increased mRNA levels of macrophage markers and ACSL1. All of these changes were associated with increased local FFA levels in AT. These findings highlight the importance of ACSLs in regulating fatty acid homeostasis in macrophages and have implications for potential mechanisms by which AT macrophages respond to increased fatty acid flux in obese AT.
Methods

Fatty Acid Treatment
We previously reported that fatty acids at 90 mol/L concentration induce a proinflammatory response or apoptosis in endothelial cells. 9, 10 Therefore, in most of the experiments, MPMs were treated with individual FFAs at 90 mol/L concentration or an equimolar mixture of the long-chain fatty acids palmitic acid, stearic acid, oleic acid, and linoleic acid at a total final concentration of 90 mol/L. The fatty acids were first dissolved in ethanol and then added to DMEM with 5% FBS and MPMs were treated with fatty acids for 24 hours in the presence or absence of triacsin C (5 mol/L). This resulted in a fatty acid to albumin ratio of 3:1, which is within a physiological range. 11 This method of fatty acid treatment was used for most of the experiments unless otherwise indicated. In separate experiments, MPMs were also treated with FFAs complexed to fatty acid free BSA using serum-free DMEM as described earlier. 12 Briefly, fatty acids were first dissolved in ethanol and preequilibrated with BSA at 37°C for 1.5 hour at a molar ratio of 5:1 (fatty acid:albumin). Fatty acid-albumin complex solution was freshly prepared before each experiment.
Other methods are described in detail in the supplemental data (available online at http://atvb.ahajournals.org).
Results
Inhibition of ACSLs During VLDL Loading Reduces Triglyceride Accumulation and Increases Intracellular FFA Concentrations in MPMs
MPMs were incubated with VLDL in the presence or absence of triacsin C, and lipid accumulation was analyzed by Oil Red O staining. As we previously reported, 13 incubation of MPMs with VLDL by itself resulted in a dramatic increase in neutral lipid accumulation. However, staining was greatly reduced in cells treated with both VLDL and triacsin C (5 mol/L), suggesting that inhibition of ACSL activity nearly abolished the accumulation of neutral lipids ( Figure 1A) . Analysis of the lipid profiles in these cells by gas chromatography (GC) revealed that treatment with VLDL plus triacsin C reduced triglyceride (TG) accumulation by 73% (PϽ0.01) compared to treatment with VLDL alone. In contrast, intracellular FFAs were increased 2-fold (PϽ0.001) compared to the VLDLtreated group ( Figure 1B) . The levels of cholesterol esters, unesterified cholesterol, and phospholipids were not altered by treatment with VLDL and triacsin C.
Inhibition of ACSLs During VLDL Loading Induces Apoptosis in MPMs
Treatment of MPMs with VLDL in the presence of 2.5 and 5 mol/L triacsin C for 6 hours increased the cleavage of the apoptotic marker procaspase 3 (35 kDa), to its 17-kDa active form in a dose-dependent manner (Figure 2A) . Along with the activation of caspase 3, cleavage of Poly (ADP-ribose) polymerase (PARP, 116 kDa), another apoptotic marker, to its 89-kDa fragment was observed in MPMs treated with VLDL in the presence of triacsin C. Apoptotic death was also confirmed by immunohistochemical staining of cleaved caspase 3 in MPMs treated with VLDL in the presence of triacsin C ( Figure 2B ). Quantification of cleaved caspase 3-stained cells revealed that 8.4Ϯ0.7% of cells were apoptotic in the VLDL plus triacsin C-treated cells compared to less than 2% of cells in the control groups ( Figure 2C, PϽ0.001 ).
Inhibition of ACSLs During Fatty Acid Loading Leads to Accumulation of Intracellular FFAs
MPMs treated with the saturated fatty acid, stearic acid, in the presence or absence of triacsin C for 6 hours did not result in an increase in the total intracellular FFA content. However, stearic acid treatment by itself did lead to a significant increase specifically in intracellular stearic acid levels (PϽ0.001) as compared to control treatment groups and exhibited an even further increase in the presence of triacsin C (supplemental Figure I) . Signs of apoptosis were not detected at this time point (data not shown). Interestingly, prolonged exposure to stearic acid and triacsin C for 24 hours led to a significant increase in total intracellular FFA accumulation ( Figure 3A , PϽ0.05). It is interesting to note that whereas the stearic acid level was decreased to baseline levels in stearic acid-alone treated cells at the 24-hour time point, a sustained increase (4.1-fold) in stearic acid accumulation was exhibited by cells treated with stearic acid plus triacsin C ( Figure 3B , PϽ0.001). Unlike stearic acid, oleic acid treatment in the presence of triacsin C only showed a trend toward an increase the total intracellular FFA content ( Figure 3A ). However, oleic acid plus triacsin C led to a significant 2.2-fold increase specifically in oleic acid accumulation ( Figure 3C , PϽ0.05). Similar to stearic acid treatment using DMEM with 5% FBS, stearic acid complexed to BSA and treated using serum-free DMEM also significantly increased both the total intracellular FFA fraction as well as the specific stearic acid accumulation ( Figure 3D and 3E, PϽ0.001 versus control). Interestingly, oleic acid accumulation was significantly increased not only in oleic acid plus triacsin C-treated cells but also in stearic acid plus triacsin C-treated cells ( Figure 3F, PϽ0.05 ). Taken together, stearic acid plus triacsin C led to a significant increase in total intracellular FFA content and specific stearic acid accumulation regardless of the treatment method.
Inhibition of ACSLs During Saturated but not Unsaturated Fatty Acid Loading Induces Apoptosis in MPMs
To determine whether accumulation of intracellular FFAs, as seen in stearic acid plus triacsin C-treated cells, also induces lipotoxicity, we analyzed markers of apoptosis. In addition to stearic acid, MPMs were treated with other free fatty acids such as oleic acid (18:1) or linoleic acid (18:2) individually, or with a mixture of fatty acids in the presence of triacsin C for 24 hours (all at 90 mol/L). Cell viability, as determined by MTT assay, was dramatically reduced in cells treated with stearic acid plus triacsin C (PϽ0.001) but was not reduced by treatment with any other fatty acid tested ( Figure 4A ). In line with the MTT assay, a profound increase in lactate dehydrogenase (LDH) release, a marker of cell death, was exhibited by cells treated with stearic acid and triacsin C for 24 hours (PϽ0.001). A mild increase in LDH release was also seen in cells treated with triacsin C alone as compared to untreated control cells. In addition, MPMs treated with a mixture of fatty acids in the presence of triacsin C showed a small but significant (PϽ0.05) decrease in LDH activity compared to controls ( Figure 4B ).
Cells treated with stearic acid and triacsin C demonstrated cleavage of caspase 3 and PARP; however, neither individual unsaturated fatty acids nor mixtures of fatty acids induced apoptosis in the presence of triacsin C ( Figure 4C ). Quantification of cleaved caspase 3 stained cells revealed that 20.0Ϯ1.9% of cells exhibited features of apoptosis on treatment with both stearic acid and triacsin C (PϽ0.001, Figure 4D ).
We have also determined the dose-dependent effect of stearic acid in inducing apoptosis in the presence of triacsin C and noted that stearic acid induced apoptosis at a concentration ranging from 30 to 90 mol/L in the presence of triacsin C (supplemental Figure II) .
High-Fat Diet Feeding Leads to Increased FFAs and Macrophage Accumulation in AT
Because ACSLs play an important role in regulating fatty acid homeostasis in macrophages, we next attempted to determine the physiological significance of these enzymes on macrophage fatty acid homeostasis. It is well established that AT in obesity releases excessive FFAs 14 -16 and that macrophages accumulate in greater numbers in obese AT. 17, 18 We fed wild-type C57BL/6 mice with a low-fat (LF) or a high-fat (HF) diet for 16 weeks and analyzed the perigonadal AT. As expected, the morphology of AT derived from HF diet-fed mice analyzed by TBO staining suggests the presence of more macrophages compared to LF diet-fed mice ( Figure 5A and 5B). Further analysis of AT sections for F4/80, a macrophage surface marker, demonstrated that AT derived from HF diet-fed mice exhibited a profound increase in macrophage accumulation ( Figure 5C and 5D) and a 3.4-fold increase in local FFA concentrations (PϽ0.01, Figure 5E ).
SVCs From HF Diet-Fed Mice Exhibit Foam Cell-Like Morphology Associated With Increased ACSL1
Interestingly, SVCs from HF diet-fed mice exhibited features of foam cell morphology after staining with Oil Red O ( Figure 6A ). In addition, there was an increase in the mRNA levels of the macrophage markers F4/80, CD68, and Mac-1. More importantly, the SVCs derived from the AT of HF diet-fed mice displayed a significant increase in the expression of ACSL1 and a trend toward an increase in ACSL 3 and 4 ( Figure 6B ). Thus, the macrophage enriched SVCs collected from HF diet-fed mice exhibited signs of lipid deposition, which was also associated with an increased expression of ACSL1.
Discussion
We and others have previously reported that macrophages efficiently take up FFAs derived from lipoprotein lipasemediated hydrolysis of TG-rich VLDL, which, in turn, are esterified and stored as intracellular TGs. 13,19 -22 Because conversion of fatty acids into fatty acyl CoAs is required for their esterification into TGs, we attempted to determine the impact of inhibiting fatty acid activation on fatty acid homeostasis in macrophages. In the current study, fatty acid loading was achieved using both TG-rich VLDL and albumin-bound FFAs, and fatty acid activation was inhibited by triacsin C, which inhibits all 3 ACSL isoforms expressed in macrophages. We demonstrate that VLDL treatment in the presence of triacsin C leads to accumulation of intracellular FFAs and induction of apoptosis. Furthermore, we show that not only VLDL but also the FFA, stearic acid, in the presence of triacsin C, leads to accumulation of intracellular FFAs and induction of apoptosis. In addition, we demonstrate that SVCs derived from obese AT exhibit foam cell morphology, and show increased mRNA expression of ACSL1, and these changes occur concurrently with increased local FFA levels in AT. Our current data suggest that ACSLs play a critical role in regulating fatty acid homeostasis in macrophages and have implications in understanding the mechanisms by which AT macrophages respond to elevated local FFA levels.
Because TG-rich VLDL is an important physiological source of FFAs for macrophages, 13,19 -22 we first treated macrophages with VLDL in the presence or absence of triacsin C. We found that VLDL treatment in the presence of triacsin C results in redistribution of cellular fatty acids by decreasing TGs and increasing FFAs (Figure 1 ). Our data also show that partitioning of fatty acids into a "free" pool rather than into the storage form as TGs, leads to lipotoxicity in macrophages (Figure 2) . Traditionally, TG accumulation itself has been considered to be responsible for lipotoxicity. However, several reports suggest that TG accumulation may actually protect cells from the toxic effects of lipids by preventing the accumulation of FFAs and their metabolites such as ceramide and diacylglycerol. 23, 24 This notion is further supported by the observation that even prolonged exposure to high levels of TG-rich VLDL in the absence of triacsin C failed to reduce cell viability in MPMs. 25 These data have implications for situations in which macrophage ACSL activity is insufficient for the fatty acid load, especially when macrophages are exposed to high levels of fatty acids, such as in obesity or hypertriglyceridemia.
Comparison of the FFA accumulation under different conditions (VLDL versus FFA exposure and 6 hours versus 24 hours) reveals important biological information regarding the toxicity of intracellular FFA accumulation. First, 6-hour exposure of MPMs to stearic acid in the presence of triacsin C led to a 5.1-fold increase in stearic acid accumulation in the cells (supplemental Figure I) , and no increase in total FFA accumulation, yet did not induce apoptosis (data not shown). Second, treatment of MPMs with VLDL plus triacsin C for 6 hours led to a 5.2-fold increase in total FFAs and extensive apoptosis ( Figures 1B and 2) . Third, treatment with stearic acid plus triacsin C for 24 hours led to accumulation of both total FFAs (2.3-fold) and stearic acid (4.0-fold) and also resulted in extensive apoptosis ( Figures 3A, 3B, 4C, and 4D) . In fact, the extent of apoptosis induced by stearic acid plus triacsin C treatment was much higher compared to treatment with VLDL plus triacsin C. One possible reason for this is the difference in exposure time between these 2 treatment conditions. Fourth, treatment of oleic acid plus triacsin C for 24 hours led to a 2-fold increase in oleic acid and minimal increases in total FFA and did not induce apoptosis ( Figures   3A, 3C and 4C ). Taken together, these data indicate that 3 elements of fatty acid exposure are important for their lipotoxic effects in MPMs: the source of fatty acids, the amount of total FFAs that accumulate, and the length of exposure time to intracellular FFAs.
Because the lipotoxic effect was seen only with stearic acid, it is possible that the apoptotic response we noted with VLDL treatment may also be caused by the stearic acid present in VLDL triglycerides. We previously reported that palmitic acid, stearic acid, oleic acid, and linoleic acid were the predominant fatty acids found in VLDL used for treating macrophages. 13 The amount of stearic acid in the VLDL triglyceride was 15 mol/L, whereas the minimum concentration of stearic acid we used to induce apoptosis in the current study was 30 mol/L. However, even with a lower stearic acid content (15 mol/L) and at an earlier time point (6 hours), VLDL plus triacsin C treatment led to stearic acid accumulation to levels only slightly lower than those in cells treated with stearic acid (90 mol/L) plus triacsin C treatment for 24 hours (2.24Ϯ0.28 versus 3.2Ϯ0.47 g/mg protein, respectively). Thus, stearic acid accumulation accompanied by an increase in total FFA concentration may contribute to the apoptotic response seen in VLDL plus triacsin C-treated cells at 6 hours. However, the role of palmitic acid, another saturated fatty acid present in VLDL, 13 cannot be ruled out.
Another interesting observation of our current study is that when MPMs were treated with fatty acids in serum free medium, a significant increase in oleic acid accumulation was noted in stearic acid plus triacsin C treated cells ( Figure 3F ). The increased oleic acid levels in stearic acid plus triacsin C-treated cells suggests the involvement of stearoyl coA desaturase-1 (SCD-1) in converting stearic acid to oleic acid via a desaturation reaction. 26 Because desaturation reactions also require fatty acid activation, our data indicate that even when ACSLs are inhibited, stearic acid activation occurs to some extent. In fact, fatty acid activation can also be carried out by another family of enzymes, the very long-chain acyl CoA synthetases (ACSVLs), 27 which are not inhibited by triacsin C. 28 These enzymes can activate exogenous fatty acids during their transmembrane transport. 27 On the other hand, in the absence of ACSL activity, the endogenous oleic acid produced intracellularly from stearic acid via SCD-1 activity may not be activated and metabolized further, thus leading to their intracellular accumulation.
It should also be noted that oleic acid accumulated to a lesser degree in oleic acid plus triacsin C-treated cells compared to stearic acid accumulation in stearic acid plus triacsin C-treated cells. As mentioned, even in the absence of ACSL activity, a portion of exogenous oleic acid can still be activated via ACSVLs. It is possible that the activated oleic acid may be preferentially partitioned to ␤-oxidation as opposed to stearic acid, which appears to go through a desaturation reaction, thus accounting for the difference in the extent of its accumulation. However, we cannot rule out the possibility that the degree of inhibition by triacsin C may not be the same for stearic acid and oleic acid substrates. Further studies are needed to better understand the inhibitory potential of triacsin C on different fatty acids.
To gain insight into the role of ACSLs in regulating fatty acid homeostasis in vivo, we analyzed SVCs collected from lean and obese AT and noted that SVCs from obese AT exhibited features of foam cell transformation. As SVCs contain several other cell types, we analyzed them for markers of macrophages and found that all the macrophage markers were significantly higher in SVCs from obese AT compared to lean AT. SVCs from obese AT also exhibited an increased mRNA expression of ACSL1. Overexpression of ACSL1 has been shown to increase TG synthesis in liver. 29 Because the increased ACSL1 expression in SVCs is also associated with increased neutral lipid accumulation and an increase in local FFA levels in AT, our data suggest that AT macrophages respond to increased FFA levels in AT by overexpressing ACSL1, which, in turn, regulates fatty acid homeostasis in AT macrophages.
Taken together, we have demonstrated that inhibition of ACSLs during fatty acid loading leads to intracellular FFA accumulation which results in apoptosis. Our data also demonstrated that increased local FFA levels in obese AT were associated with foam cell transformation of AT macrophages and these changes were accompanied by an increased expression of ACSL1. These findings provide insight into the biological importance of ACSLs in regulating fatty acid homeostasis in macrophages found in sites that are exposed to very high levels of FFAs or TGs, and indicate that perturbations in ACSL activity may lead to lipotoxic effects of FFAs in the context of obesity.
